This paper presents the initial stage of an effort aimed at developing a new correlation to estimate pseudo critical properties for sour gas when the exact composition is not known. Several mixing rules and gas gravity correlations available in the literature are first evaluated and compared. The evaluation is performed on a large database consisting of more than 2000 samples of sour gas compositions collected worldwide. Several evaluation criteria are used including the average absolute deviation (AAD), the standard deviation (SD), the coefficient of correlation, R, and cross plots and error histograms. The mixing rules include: Kay's mixing rule combined with Wichert-Aziz correlation for the presence of non-hydrocarbons, SSBV mixing rule with Wichert and Aziz, Corredor et al. mixing rule, and Piper et al. mixing rule. These methods, in one form or another, use information on gas composition. Three different other methods that are based on gas gravity alone were also analyzed. These are: Standing, Sutton, and Elsharkawy et al. gas gravity correlations. While the methods based on knowledge of composition showed reasonable accuracy, those based on gas gravity alone showed weak accuracy with low correlation coefficients. A new gas gravity correlation that is based on the fraction of non-hydrocarbons present in the sour gas was proposed. Preliminary results indicate that a good improvement over past gravity correlations was achieved. The compositional correlations, still show, however, better accuracy. Research is still going on to come up with more accurate correlations that are based on only readily available descriptors.
Introduction
Gas compressibility factor is involved in calculating gas properties such as formation volume factor, density, compressibility, and viscosity. All these properties are necessary in the oil and gas industry for evaluating newly discovered gas reservoirs, calculating initial and gas reserves, predicting future gas production, and designing production tubing and pipelines. The industry standard is to measure gas properties, PressureVolume-Temperature (PVT), in laboratory using reservoir samples 1 . The draw back is that these isothermally measured PVT data is applicable at measured pressured and reservoir temperature. Calculation methods such as correlations and equations of state are used to predict properties at other pressures and temperatures. Also, laboratory analyses for PVT behavior are sometimes expensive and time consuming. Correlations, which are used to predict gas compressibility factor, are much easier and faster than equations of state. Sometimes these correlations have comparable accuracy to equations of state. Predicting compressibility factor for sour gases is much more difficult than that of sweet gases. Therefore, several attempts have been made to predict compressibility factor for sweet gases [2] [3] [4] . Wichert and Aziz 5 presented corrections for the presence of hydrogen sulfide and carbon dioxide for determining compressibility factor of sour gases. Because there is no exact method for predicting the PVT behavior of natural gases several approximations have been proposed. The most common method is to use one of the forms of the principle of corresponding states 6, 7 . In this form, gas compressibility factor is expressed as a function of pseudo reduced pressure and temperature (P pr ,T pr ). Standing and Katz 8 (SK) presented a chart for determining gas compressibility factor based on the principle of corresponding states. The SK chart was prepared for binary mixtures of low molecular weight sweet gases. Several mathematical expressions fitting the SK chart, have been proposed to calculate the gas compressibility factor [9] [10] [11] [12] [13] [14] [15] . Evaluation of these methods by Takacs 16 and Elsharkawy et al. 17 concluded that Dranchuk-Abou-Kassem 12 (DK) correlation is the most accurate representation of SK chart. When dealing with gas mixtures, the mixture critical pressure (P pc ) and temperature (T pc ) are required. Critical properties of natural gas are calculated from either gas composition or gas gravity. Several mixing rules have been proposed to calculate mixture critical properties of natural gases. Among these methods, Kay's 2 mixing rule and Stewart-Burkhardt-Voo 3 (SBV) are the most widely used. Kay's mixing rule is simple and provides an accurate determination of gas compressibility factor for sweet gases of low molecular weight. Satter and Campbell 18 evaluated several mixing rules for calculating properties of natural gases. They concluded that Stewart-Burkhardt-Voo rule known as SBV provided the most satisfactory results, especially for gases of high molecular weight. Sutton 4 studied the performance of several mixing rule for calculating compressibility factor for gas condensates that contain a large amount of heptane plus fraction. He modified SBV mixing rule to account for the presence of heptane plus in the natural gases. Standard laboratory analysis gives composition of natural gases through hexane and lump components heavier than hexane in a heptane plus fraction known as C 7+ . Critical properties of pure components are well documents, Table  (1) . The critical properties of the C 7+ fraction are, however, calculated from correlations using molecular weight and specific gravity of the heptane plus [19] [20] [21] [22] [23] [24] [25] [26] . Whitson 27 and Elsharkawy et al. 17 reviewed several methods for calculating pseudo critical properties of the heptane plus fraction. Whitson 27 recommended that Kesler-Lee 20 (KL) correlation to be used to estimate critical properties of C 7+ . However, Elsharkawy et al. 17 found that Lin-Choa 24 (LC) and Kesler Lee 20 , respectively, with SSBV mixing rule and DK correlation are the best combination to determine gas compressibility factor for gas condensate reservoirs. Composition of natural gases, from which pseudo critical properties are computed, is not always available. Therefore, correlations relating pseudo critical pressure and temperature to gas gravity are used. Standing 1 presented correlation of pseudo critical properties to gas gravity based on low molecular weight California natural gases. His correlation has the following form:
Standing indicated that his correlation works only when there is no non-hydrocarbon gases present in the natural gas. Sutton 4 , working with PVT reports of high molecular weight gases which are rich in heptane plus, developed the following correlation:
The gases that were used to develop Sutton's gas gravity correlation are mostly sweet gases. These gases have minor amount of carbon dioxide and nitrogen, and no hydrogen sulfide. Using a large data bank of retrograde gases, Elsharkawy et al. 17 presented another correlation for gas condensates. The latter correlation covers heavier gases than that used in Sutton's and have a minor amount of hydrogen sulfide. Elsharkawy et al. gas gravity correlation has the following form: Thus there is a need for correlation relating gas gravity to pseudo critical properties for sour gases. This study has two objectives. The first objective is to evaluate the previously published methods of calculating gas compressibility factor for sour gases. The second objective is to develop a correlation to estimate pseudo critical properties from gas gravity for sour gas when composition is not available.
Gas data bank
One of the main objectives of the current work is to evaluate the previously published methods of calculating gas compressibility factors of sour gases using either gas composition or gas gravity. The best test to evaluate such methods is the accuracy with which these methods approximate reliable experimental data. The data bank used in this study comprises measurements of two thousand and one hundred and six gas compressibility factor for sour gases. Some of these data have been collected from the literature [28] [29] [30] [31] [32] [33] . These measurements cover a pressure range from 90 psi to 12,000 psi, a temperature range from 40 ο F to 327 ο F, and a wide range of molecular weights from 16.4 to 55 (gas gravities from 0.566 to 1.895). A complete description of the data bank is reported in Table ( 2).
Calculating gas compressibility factor when composition is known
When gas composition is available, pseudo critical properties are calculated using a given mixing rule. In order to calculate the pseudo-critical properties of natural gas mixtures, critical properties of the heptane plus fraction must be computed. In this study, Kesler-Lee 20 (KL) method, equations (7) and (8) , are used to calculate critical properties of the C 7+ . 
T c = 341
The KL method correlates critical properties as a function of boiling point and specific gravity. However, laboratory reports normally provide only the specific gravity and molecular weight of the heptane plus fraction. Whitson 28 has presented an equation for estimating boiling point (T b ) from molecular weight (M) and specific gravity (γ) of the heptane plus fraction.
In this study, Kay's mixing rule, Stewart-Burkhardt-Voo (SBV) mixing rule as modified by Sutton (SSBV) are considered.
Kay's 2 mixing rule, based on molar weighted average critical properties, has the following form:
Stewart-Burkhardt-Voo 3 (SBV) proposed the following mixing rule for high molecular weight gases.
If the natural gas contains heptane plus fraction, Sutton 4 modification of SBV (SSBV) is used. 
Equations (10) and (11) or (12) through (22) provide critical properties for sweet natural gas systems. For sour gases, these equations must be corrected for the presence of nonhydrocarbon components. The method proposed by Wichert and Aziz 5 is used to correct the pseudo critical properties of natural gases to the presence of these non-hydrocarbon components. The correction factor is given below :
Where the coefficient A is the sum of the mole fraction of H 2 S and CO 2 and B is the mole fraction of H2S in the gas mixture. The corrected pseudo critical properties P pc ′ and T pc ′ are:
Reduced pressure (P pr ) and reduced temperature (T pr ) are calculate from pressure (P) and temperature (T) of interest and critical properties of the natural gas (P pc ′, T pc ′) by the following relationship:
Recently, Corredor et al. 34 , and Piper et al. 35 proposed a mixing rule similar to SBV rule, equations (12) 
Where ρ r = 0.27 [P r / ZT r ]
The constants A 1 through A 11 in equation (30) Because the gas compressibility factor appears on both sides of DK's correlation, equation (30), an iteration solution is necessary. Newton-Raphson method is used which has the following iteration formula:
Where Z n+1 and Z n are the new and old values of gas compressibility factors, f z is the function described in equation (30), and f′ z is its derivative.
Calculating gas compressibility factor when composition is unknown
When gas composition is not available, the compressibility factor is computed via estimating the critical properties from gravity correlations. In this section, the accuracy with which gas gravity correlations, equations (1) through (6), reproduced the experimentally measured gas compressibility factor is evaluated. Although Standing gas gravity correlations, equations (1) and (2) were prepared to estimate critical properties of sweet low molecular gases, it is important to know the magnitude of the error that results from using that correlation. The accuracy of the gas gravity correlations developed by Sutton, equations (3) and (4), and Elsharkawy et al. given in equations (5) and (6) are also studied in this section.
Results and Discussion
The accuracy of four different methods for the calculation of gas compressibility factor for sour gases is discussed in this section. The first method is Kay's mixing rule with WichertAziz correction for the presence of non-hydrocarbons. The second is SSBV-Wichert and Aziz. The third is Corredor et al. method. The last method is Piper et al. Table ( The accuracy of calculating gas compressibility factor for sour gases using gas gravity when gas composition is unknown is shown in Table (4). Standing gas gravity correlation, equations (1) and (2) has an average absolute deviation (AAD) of 3.50% and standard deviation (SD) of 6.78%. Sutton gas gravity correlation, equations (3) and (4), has AAD of 3.47% and SD of 7.14. Elsharkawy et al. gas gravity correlation, equations (5) and (6), shows AAD of 3.48% and SD of 7.30%. All of these gas gravity correlations have similar correlation coefficients. The reason for the low accuracy of these correlations is that Standing gas gravity correlation was prepared for sweet gases. Sutton gas gravity correlation was prepared for heavy gases rich in C 7+ with minor amounts of hydrocarbons. The latter gas gravity correlation is applicable for gases that have no hydrogen sulfide and with a nitrogen content less than 12% and a CO 2 content less than 3%
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. Elsharkawy et al. gas gravity correlation was prepared from data on gas condensate that has a significant portion of hydrogen sulfide and carbon dioxide, however, the concentration of the acid gases is not comparable with the sour gases used in this paper.
New gas gravity correlation
One of the objectives of the this study is to start the development of a new correlation to estimate pseudo critical properties from gas gravity for sour gas when composition is not available. Using large data bank of sour gas system, inferred pseudo critical pressures and temperatures are calculated from experimentally measured gas compressibility factors using DK equations. The first attempt was to correlate these inferred pseudo critical values to gas gravity for sour gases. Figure (5) shows that pseudocritical pressures of sour gases are not strongly correlated to total gas gravity. In order to improve the correlations it was attempt to study the effect of non-hydrocarbon component on pseudo-critical properties. Figure (6) shows that pseudocritical pressures are highly correlated to the percentage of non-hydrocarbon gases. The percentage of non-hydrocarbon component is expressed as molecular weight of nonhydrocarbon components divided by the total molecular weight of the gas. This percentage can also be related to non-hydrocarbon gas gravity (γ 2 ) divided by total gas gravity (γ g ). Pseudo critical temperature, however, is strongly dependent on total gas gravity, Figure (7) . Therefore, it was found that best correlation of pseudo-critical properties to gas gravity can be achieved by considering both the hydrocarbon and non-hydrocarbon portions of gas gravity as follows: 
The new gas gravity correlation presented in this study has smaller error range than the other correlations. Correlating critical properties to the amount of hydrocarbon and nonhydrocarbon gases, equation (33) and (34), improves the accuracy of the proposed correlation. Among the gas gravity correlations considered in this study, the new correlation shows the smallest AAD (1.69%), the least SD (3.22%), and the highest correlation coefficient (97.66%). However, The standard deviation is still high.
Figures (8), (9) , and (10) show the absolute error percentage in estimating gas compressibility factor from gas gravity correlations is highly dependent on the amount of CO 2 and H 2 S present in the sour gas. An error as high as 50% in gas compressibility factor occurs if these gas gravity correlations are used to estimate the gas compressibility for sour gases. Figure (11) shows first smaller error level in calculating gas compressibility factor using the new gas gravity correlation than the other correlations. Second, the error is not dependent on the amount of CO 2 and H 2 S present in the sour gas. Figure (12) shows a crossplot of measured and calculated gas compressibility factor using the new gas gravity correlation for the sour gases used in this study. The figure illustrates that most of the data fall on the 45 o parity line. Therefore, calculating the gas compressibility factor for sour gases from pseudo-critical pressure and temperature estimated from total gas gravity correlations has some limitations. The major limitation is in the process of correlating gas gravity to pseudo critical properties. For any gas, there could be an infinite number of hydrocarbon and other non-hydrocarbon combination. Each hydrocarbon and non-hydrocarbon component has a unique pseudo critical property. However, different mixtures can have different pseudo-critical properties and the same gas gravity. This is the reason why calculating gas compressibility factor using gas gravity is not as much accurate as calculating gas compressibility factor from composition. Correlating pseudo critical properties to hydrocarbon portion of gas gravity and non-hydrocarbon portion have resulted in little improvement of gas compressibility calculations.
Conclusions
In this paper, several methods of calculating sour gas compressibility factors were compared. Two classes of methods were considered: methods that are based on composition and those that are based on gas gravity alone. From the methods based on composition, Piper et al. and Corridor et al. Showed the best accuracy and correlation coefficient. These methods account for the presence of heptane plus and non-hydrocarbons. Of the methods based on gas gravity Sutton and Elsharkawy et al. Methods were the most accurate. The accuracy of these methods were, however, poorer than those methods based on composition. It was decided therefore to study the effect of the presence of non-hydrocarbons on accuracy. A plot of pseudo-critical pressure with both gas gravity and non-hydrocarbon gas gravity was evaluated. It was found that while the correlation with gas gravity is weak, that with the nonhydrocarbon gas gravity is strong with a correlation coefficient more that 0.84. The correlation of pseudo critical temperature was rather indifferent to the presence of nonhydrocarbons. A new correlation was then proposed to account for the presence of non-hydrocarbons without knowing the compositional details. This correlation is based on two descriptors: gravity of the gas and gravity of the nonhydrocarbon portion in the gas. The new correlation provided a good improvement over past gas gravity methods. Research is still going on to develop more improvement strategies.
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